The pattern and role of brain plasticity in stroke recovery has been incompletely characterized. Both ipsilesional and contralesional changes have been described, but it remains unclear how these relate to functional recovery. Our goal was to correlate brain activation patterns with tissue damage, hemodynamics, and neurologic status after temporary stroke, using functional magnetic resonance imaging (fMRI). Transverse relaxation time (T 2 )-weighted, diffusion-weighted, and perfusion MRI were performed at days 1 (n ϭ 7), 3 (n ϭ 7), and 14 (n ϭ 7) after 2 hr unilateral middle cerebral artery occlusion in rats. Functional activation and cerebrovascular reactivity maps were generated from contrast-enhanced fMRI during forelimb stimulation and hypercapnia, respectively. Before MRI, rats were examined neurologically. We detected loss of activation responses in the ipsilesional sensorimotor cortex, which was related to T 2 lesion size (r ϭ Ϫ0.858 on day 3, r ϭ Ϫ0.979 on day 14; p Ͻ 0.05). Significant activation responses in the contralesional hemisphere were detected at days 1 and 3. The degree of shift in balance of activation between the ipsilesional and contralesional hemispheres, characterized by the laterality index, was linked to the T 2 and apparent diffusion coefficient in the ipsilesional contralesional forelimb region of the primary somatosensory cortex and primary motor cortex at day 1 (r ϭ Ϫ0.807 and 0.782, respectively; p Ͻ 0.05) and day 14 (r ϭ Ϫ0.898 and Ϫ0.970, respectively; p Ͻ 0.05). There was no correlation between activation parameters and perfusion status or cerebrovascular reactivity. Finally, we found that the laterality index and neurologic status changed in parallel over time after stroke, so that when all time points were grouped together, neurologic status was inversely correlated with the laterality index (r ϭ Ϫ0.571; p ϭ 0.016). This study suggests that the degree of shift of activation balance toward the contralesional hemisphere early after stroke increases with the extent of tissue injury and that functional recovery is associated mainly with preservation or restoration of activation in the ipsilesional hemisphere.
Introduction
Stroke is the leading cause of disability in modern society, yet most stroke patients show some, albeit variable, functional recovery over time. This restoration of function is commonly thought to be associated with brain plasticity (Lee and van Donkelaar, 1995; Seil, 1997; Steinberg and Augustine, 1997; Weiller, 1998; Johansson, 2000; Hallett, 2001) . Numerous studies have shown that the adult mammalian brain is capable of structural reorganization after injury (Nudo and Friel, 1999) . Recent neuroimaging studies have demonstrated changes in brain activation patterns in stroke patients (Weiller, 1998; Cramer and Bastings, 2000; Herholz and Heiss, 2000; Rossini and Pauri, 2000; Rijntjes and Weiller, 2002) and in animal stroke models (Reese et al., 2000; Abo et al., 2001; Dijkhuizen et al., 2001; Hoehn et al., 2001; Tuor et al., 2001 ), yet the spatiotemporal dynamics of reorganization in the brain after stroke and its relationship with tissue status and functional recovery have been incompletely characterized.
Animal stroke models allow reproducible and correlative studies on stroke recovery. With the use of contrast-enhanced functional magnetic resonance imaging (fMRI) in a rat stroke model, we recently described (1) loss of activation in the ipsilesional sensorimotor cortex and (2) a shift of predominantly widespread contralesional responses at 3 d after stroke to increased perilesional and more restricted contralesional activity at 14 d after stroke (Dijkhuizen et al., 2001) . These results are in agreement with human data describing a relative decrease of contralesional involvement and concentration of ipsilesional activity as a function of time after stroke (Nelles et al., 1999; Marshall et al., 2000) .
A major question that remains unanswered is the functional significance of the pattern of brain reorganization and its relationship to the extent of ischemic damage. In our previous study, which involved a model of permanent focal cerebral ischemia, we were unable to detect statistically significant correlations between the profile of brain activation and the degree of ischemic damage and neurologic dysfunction (Dijkhuizen et al., 2001 ). Because we used a permanent stroke model, the detection of activationinduced hemodynamic responses with intravascular contrastenhanced fMRI may have been hampered by the chronically reduced perfusion in sensorimotor cortex. Therefore, the goal of the current study was to correlate brain activation patterns with tissue damage, hemodynamics, and neurologic status after transient ischemia. Specifically, we tested the hypotheses that (1) the degree of loss of activation responses in the ipsilesional sensorimotor cortex and a shift in the balance of hemispheric activation are linked to the extent of ischemic damage and (2) functional recovery is correlated with reinstatement of activation in the ipsilesional sensorimotor cortex. Because MRI is a multiparametric neuroimaging tool, supplementary MRI techniques can provide information complementary to the fMRI data. To directly correlate activation-induced responses with perfusion and tissue parameters, MRI measurements of (1) stimulus-induced brain activity, (2) cerebral perfusion, and (3) the transverse relaxation time (T 2 ) and (4) diffusion of brain tissue water were performed for each imaging session. Finally, to further elucidate the temporal pattern of brain reorganization, we assessed changes in brain activation patterns from as early as 24 hr up to 14 d after stroke.
Materials and Methods
Experimental protocols were institutionally approved in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Stroke induction. Rats were anesthetized with 1-1.5% halothane in N 2 O/O 2 (70:30) under spontaneous respiration. Body temperature was monitored continuously and maintained at 37°C with a thermostatically controlled heating pad. Transient focal cerebral ischemia was induced by 2 hr occlusion of the right middle cerebral artery with an intraluminal filament in adult male Sprague Dawley rats (250 -350 gm) (Longa et al., 1989) . In brief, a 4.0 nylon monofilament suture coated with silicone was inserted into the external carotid artery. The suture was advanced up the internal carotid artery until mild resistance was felt, indicating that the tip of the filament was properly positioned to occlude blood flow to the middle cerebral artery. After 2 hr of occlusion, the monofilament suture was withdrawn to allow for cerebral reperfusion, and the animal was allowed to recover.
Neurologic examination. At 24 hr, 3 d, and 14 d after onset of stroke, the animal's neurologic status was evaluated using the grading system as described by others (Bederson et al., 1986) . Grades were given as follows: grade 0 (no neurologic deficit), no observable deficit; grade 1 (moderate neurologic deficit), forelimb flexion; grade 2 (severe neurologic deficit), decreased resistance to lateral push (and forelimb flexion), without circling behavior; grade 3 (severe neurologic deficit), same behavior as grade 2, with circling.
MRI. In three separate groups of animals, MRI experiments were performed at 1 d (n ϭ 7) (group "day 1"), 3 d (n ϭ 7) (group "day 3"), and 14 d after stroke (n ϭ 7) (group "day 14").
Rats were tracheotomized and ventilated mechanically with 1% halothane in O 2 /air (1:1). The right femoral artery was catheterized for monitoring of arterial blood pressure and blood gases. The right femoral vein and jugular vein were cannulated for administration of anesthetic agent and magnetic resonance contrast agent, respectively. Thin copper wires were inserted just underneath the skin on opposite sides of each forelimb at the level of the wrist. Next, rats were paralyzed by an intravenous bolus of pancuronium (2 mg/kg) followed by continuous infusion (2 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ). The anesthetic regimen was changed to a continuous intravenous infusion of ␣-chloralose (40 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ), preceded by a bolus injection (50 mg/kg). Stimulation experiments were delayed by at least 1 hr to allow the anesthetic transition. MRI was done on a 2.0 T magnet system (Varian Instruments, Palo Alto, CA) using a 3 cm surface radiofrequency coil that was developed in-house. Body temperature, blood pressure, and blood gases were controlled carefully and maintained at normal values during the MRI experiments.
Multislice spin echo T 2 -[repetition time (TR) ϭ 2000 msec; echo time (TE) ϭ 40, 80 msec] and diffusion-weighted images (TR/TE ϭ 2000/40 msec; b ϭ 150, 850, 1550 sec/mm 2 ; diffusion-encoding gradients in three directions) were acquired [field-of-view (FOV) ϭ 25 ϫ 25 mm 2 ; 64 ϫ 64 data matrix; nine 1.5 mm slices], from which we calculated twodimensional maps of the T 2 and the mean trace of the apparent diffusion coefficient (ADC) of tissue water, respectively (van Gelderen et al., 1994; Loubinoux et al., 1997) . Second, boluses of the intravascular contrast agent monocrystalline iron oxide nanocolloid (MION) (up to a total amount of 10 -15 mg/kg), injected through the jugular vein, were combined with single-slice dynamic susceptibility contrast-enhanced MRI [single-shot gradient recalled echo planar imaging (EPI); TR/TE ϭ 175/22 msec; FOV ϭ 25 ϫ 25 mm 2 ; 32 ϫ 32 data matrix, zero-filled to 64 ϫ 64; slice thickness 1.5 mm; 500 consecutive images]. The selected slice position was at ϳ1 mm posterior to bregma according to Paxinos and Watson (1997) and matched with its corresponding slice in the multislice MRI data sets. Relative cerebral blood flow index (CBF i ) values were obtained for each voxel as described by Østergaard et al. (1996) . Arterial input data were obtained directly from the susceptibility contrast-enhanced images in two voxels in the left and right internal carotid artery.
Multislice contrast-enhanced MRI (single-shot gradient recalled EPI; TR/TE ϭ 2000/22 msec; 510 time points; FOV ϭ 25 ϫ 25 mm 2 ; 32 ϫ 32 data matrix, zero-filled to 64 ϫ 64; nine 1.5 mm slices) was performed after the injections of MION. Cerebral blood volume (CBV)-weighted images were calculated as described previously (Hamberg et al., 1996; Mandeville et al., 1998) . Local relative CBV in specific regions-of-interest (ROIs) (see below) before the stimulation paradigm was expressed as a percentage of contralateral. Dynamic activation-induced CBV changes were measured by acquiring contrast-enhanced functional MR images during electrical stimulation (5 V for 0.5 msec at 3 Hz during 40 sec) to first the right and then (after 40 sec) the left forelimb (six stimulation on-off periods per forelimb, starting and ending with a stimulation off period) (total acquisition time, 17 min). Functional activation maps were generated by a voxel-wise t test between the stimulated and nonstimulated conditions. p Ͻ 0.05 with Bonferroni correction was used as the statistical threshold for significant activation response.
Cerebrovascular reserve capacity was assessed by acquiring CBVweighted images as described above, during 10 min inhalation of 5% CO 2 in balanced O 2 (after 10 min of breathing with 100% O 2 ). We characterized the plateau CO 2 -induced CBV change (⌬CBV max [CO 2 ]) as the mean CBV change between 2 and 10 min after onset of 5% CO 2 inhalation.
Data analysis. Lesion volumes were calculated from the multislice T 2 datasets with use of the image analysis software package Alice (Hayden Image Processing Group, Boulder, CO). T 2 lesion volume was defined as the ipsilateral parenchymal brain volume with T 2 values higher than the mean ϩ 2 SD of the T 2 in contralateral tissue.
The total area of significant forelimb stimulation-induced CBV responses was calculated in each hemisphere with Alice. The laterality index, which expresses relative activity in the contralateral hemisphere as compared with the ipsilateral hemisphere, was defined as (C Ϫ I )/(C ϩ I ), where C and I are the total activation volumes in the hemisphere contralateral and ipsilateral to the stimulated forelimb, respectively. The time course of CBV changes was averaged over the six stimulation on-off periods for each animal. From this averaged time course we calculated the mean activation-induced CBV change during the last 10 sec of stimulation for both forelimbs of each individual (⌬CBV max [act.]), which was used as an index for the degree of activation (Dijkhuizen et al., 2001) .
ROI analyses were performed on MRI parameters (i.e., T 2 , ADC, CBF i , CBV, ⌬CBV max [CO 2 ], and ⌬CBV max [act.]) by positioning ROIs [five voxels (1.14 mm
3 )] (1) in the area of most significant activation during stimulation of the unimpaired, right forelimb [i.e., the contralesional forelimb region of the primary somatosensory cortex (S1fl) and primary motor cortex (M1)] (Dijkhuizen et al., 2001) , (2) in the homologous contralateral region (i.e., ipsilesional M1/S1fl), and (3) in the ischemic core (i.e., the ipsilesional parietal cortex). Note that the ROI in ipsilesional M1/S1fl may represent different degrees of ischemic damage across individual animals, because in this animal stroke model M1/S1fl typically lies at the border of the ischemic lesion and becomes more or less affected depending on the severity of ischemia. All values are expressed as mean Ϯ SD. Statistical comparisons were performed using one-way ANOVA (with repeated measures where appropriate) with post hoc Tukey test for multiple comparisons and paired Student's t test. For correlation analyses we applied the Pearson product moment correlation test (and linear regression) or the Spearman rank order correlation test (and ordinal logistic regression). To separate the possible confounding effects of the time after stroke from any independent relationship of laterality index and neurologic status, we used multiple linear and ordinal logistic modeling. p values of Ͻ0.05 were considered significant.
Results

Neurologic status
Animals demonstrated neurologic deficits at all time points after stroke; however, functional scores significantly improved over 14 d (Table 1) .
Ischemic damage
MRI revealed unilateral lesions in the middle cerebral artery territory, generally involving the lateral cortex and striatum (Fig. 1 ). Lesions were characterized by a reduced ADC and increased T 2 (Fig. 1, top panel ) . Because our study involved a model of transient occlusion of the middle cerebral artery, ischemia was followed by reperfusion. In fact, we detected moderate hyperperfusion at 24 hr after stroke (Fig. 1, top panel ) . After 3 d, ADC values had pseudonormalized in large parts of the lesion (Fig. 1 , middle panel ). T 2 and perfusion parameters continued to be high as compared with contralateral. At day 14, there was mild hyperperfusion in the lesion, and ADC and T 2 values were elevated (Fig. 1 , bottom panel ). T 2 lesion volumes are given in Table 1 . Depending on the extent of the lesion, ADC, T 2 , and perfusion were mildly to severely affected in the forelimb region of the sensorimotor cortex (i.e., M1/S1fl) in the ipsilesional hemisphere.
Cerebrovascular reactivity
To test cerebrovascular reactivity, we applied a CO 2 challenge and measured CBV changes in the brain. Results are shown in Figure 2 . Inhalation of 5% CO 2 raised the arterial P CO 2 from 37.0 Ϯ 2.3 to 53.6 Ϯ 5.1 mmHg, resulting in a clear CBV increase in the contralesional hemisphere. At 1 d after transient focal ischemia, the CO 2 -induced CBV response was lowered significantly throughout most of the ipsilesional hemisphere. After 3 d, we found an enhanced CBV response in the ipsilesional parietal cortex. In M1/S1fl, at the border of the lesion, CBV changes were not significantly different as compared with contralesional. After 14 d, CO 2 -induced CBV changes were subnormal in the ipsilesional hemisphere, but this was not significant for M1/S1fl. Correlation analyses did not show any significant relationship between CO 2 -induced ⌬CBV max [CO 2 ] and tissue or perfusion parameters. Figure 3 shows T 2 -weighted images overlaid by statistical activation maps and graphs of the time course of CBV changes in M1/S1fl for the different animal groups. Images, maps, and graphs represent data averaged across animals. Stimulation of the unimpaired forelimb invariably resulted in a significant activation-induced CBV response in M1/S1fl in the unaffected, contralesional hemisphere (i.e., contralateral to the stimulated limb) (Fig. 3) . The stereotaxic coordinates of the center of the focus of activation on stimulation of the unimpaired limb were 0.1 Ϯ 1.1 mm anterior, 3.7 Ϯ 0.2 mm lateral, and 1.7 Ϯ 0.3 mm ventral to bregma (averaged over all 21 animals), which corresponds to S1fl according to Paxinos and Watson (1997) . In 8 of the total group of 21 animals, unilateral or bilateral responses were also detected in the thalamus. Stimulation of the impaired forelimb at days 1 and 3 was accompanied by a diminished amplitude of the activation-induced CBV response in ipsilesional M1/S1fl (Fig. 3) . Nevertheless, small but significant responses were detected in the ipsilesional hemisphere, both in and remote (anteriorly and posteriorly) from M1/S1fl (the mean stereotaxic coordinates were Ϫ1.5 Ϯ 2.5 mm anterior, 3.6 Ϯ 0.7 mm lateral, and 1.7 Ϯ 0.4 ventral to bregma at day 1, and Ϫ1.3 Ϯ 2.3 mm anterior, 4.0 Ϯ 0.4 mm lateral, and 1.9 Ϯ 0.6 ventral to bregma at day 3). Extensive activation-induced responses in the contralesional hemisphere (i.e., ipsilateral to the stimulated limb), involving large parts of the neocortex, were found in five of seven animals in both the 24 hr and 3 d post-stroke groups, respectively (Fig. 3) . Correspondingly, the laterality index, which describes the degree of asymmetry in activation between the hemispheres, was considerably reduced at these time points (Fig. 4) . After 14 d, the focus of activation had returned to ipsilesional M1/S1fl (the mean stereotaxic coordinates were Ϫ1.0 Ϯ 0.9 mm anterior, 4.1 Ϯ 0.2 mm lateral, and 2.0 Ϯ 0.4 ventral to bregma at day 14) (Fig. 3) . At this stage, signs of activation during impaired forelimb stimulation were mostly absent in the contralesional hemisphere, and the laterality index was not significantly different from the laterality index during unimpaired forelimb stimulation (Fig. 4) . Significant unilateral or bilateral thalamic responses on stimulation of the impaired forelimb were detected in three, one, and two animals in the day 1, 3 and 14 groups, respectively.
Cerebral activation responses
Correlation analyses
Correlation analyses demonstrated that changes in activation patterns were related to extent of ischemic damage. We found significant relationships between lesion size and impaired forelimb stimulation-induced ⌬CBV max [act.] in ipsilesional M1/S1fl at days 3 and 14 (Fig. 5A ). The laterality index was correlated negatively with lesion size in the day 1 group (Fig. 5B) . The main findings from the correlation analyses are summarized in Table 2 . Significant relationships between the laterality index and T 2 and ADC in ipsilesional M1/S1fl were evident at days 1 and 14. We did not find a significant correlation between perfusion status (i.e., CBV and CBF i ) and impaired forelimb stimulation-induced ⌬CBV max [act.] in ipsilesional M1/S1fl or the laterality index (data not shown). There were no significant relationships between activation-induced ⌬CBV max [act.] during stimulation of the impaired forelimb and CO 2 -induced ⌬CBV max [CO 2 ] in ipsilesional M1/S1fl (data not shown). Finally, we found no significant correlations between neurologic status and impaired forelimb stimulation-induced ⌬CBV max [act.] in ipsilesional M1/S1fl or the laterality index. However, when all time points were grouped together, neurologic status was inversely correlated with the laterality index (r ϭ Ϫ0.571; p ϭ 0.016). Because both laterality index and neurologic status were correlated with the time after stroke, we included the time in the model. The overall model was significant (r 2 ϭ 0.371; p ϭ 0.039). However, neither laterality index nor the time from the stroke demonstrated a significant independent relationship with neurologic score ( p ϭ 0.305 and p ϭ 0.159, respectively). Thus, laterality index and neurologic status appear to change in parallel over time.
Discussion
Both ipsilesional and contralesional brain reorganization are known to occur after stroke. The main finding of this study is that the degree of shift of activation balance toward the contralesional hemisphere early after stroke increases with the extent of tissue injury and that functional recovery is associated mainly with preservation or restoration of activation in the ipsilesional hemisphere.
We assessed spatiotemporal characteristics of changes in brain activation patterns in relation to tissue, perfusion, and neurologic status after transient focal cerebral ischemia in rats. With the use of contrast-enhanced CBV-weighted fMRI, we detected distinct activation-induced responses in the contralesional hemisphere after stimulation of the impaired forelimb early after transient ischemia, which is in agreement with two previous studies in models of permanent cerebral ischemia (Abo et al., 2001; Dijkhuizen et al., 2001) . Importantly, this contralesional activity was present as early as 24 hr and remained evident at 3 d after stroke. Responses in ipsilesional M1/S1fl were diminished at these stages. As a result, laterality indices were reduced significantly. Chronically after stroke, activity in ipsilesional M1/S1fl [CO 2 ]) in the ipsilesional ( gray bars) and contralesional (white bars) parietal cortex ( A) and M1/S1fl ( B) during 5% CO 2 inhalation at 1, 3, and 14 d after 2 hr middle cerebral artery occlusion (mean ϩ SD; n ϭ 7). *p Ͻ 0.05 versus contralesional. Insets show averaged ⌬CBV max [CO 2 ] maps of a coronal rat brain slice at the specific time points after stroke (data are averaged across animals). Gray arrowheads point to ROI locations in the parietal cortex ( A) and M1/S1fl ( B).
had recovered, contralesional responses were minor, and laterality indices were close to control values.
Correlation between loss of activation responses and ischemic damage
An important goal of this study was to correlate the pattern of brain reorganization with ischemic damage. Brain tissue status was assessed with T 2 -and diffusion-weighted MRI. Brain ADC values that are reduced acutely after stroke reflect cytotoxic edematous tissue (Moseley et al., 1990; Verheul et al., 1994) , whereas increases in T 2 and ADC are associated with the development of vasogenic edema and tissue degeneration (Pierpaoli et al., 1993; Matsumoto et al., 1995) . T 2 maps were used to calculate lesion volumes, because T 2 changes are unidirectional and correlate with irreversible tissue damage (Allegrini and Sauer, 1992; Palmer et al., 2001) . We found an inverse relationship between lesion size and the activation-induced hemodynamic response in ipsilesional M1/S1fl during stimulation of the impaired forelimb, as characterized by ⌬CBV max [act.], at days 3 and 14. The middle cerebral artery supplies various brain regions that are part of the sensorimotor network. Large lesions in the middle cerebral artery territory will therefore affect a great portion of projections to and from M1/S1fl, resulting in loss of neuronal output. Decreased activation responses could be the direct result of injury to M1/ S1fl; however, loss of activation may not necessarily be linked primarily to focal damage in this area, because impaired forelimb stimulation-induced ⌬CBV max [act.] in ipsilesional M1/S1fl correlated more strongly with T 2 lesion size than with local T 2 (or ADC) in this area. A long-lasting synaptic transmission defect has been detected in the sensorimotor cortex after transient middle cerebral artery occlusions in rats (Bolay and Dalkara, 1998 ) that may occur without apparent histological damage (Aoyagi et al., 1998) . Importantly, it has been shown that impaired excitatory neurotransmission after temporary ischemia has the potential to recover (Aoyagi et al., 1998) , which could account for reinstatement of activation as seen after 14 d in our study.
In addition to the brain tissue status, we calculated relative CBF i and CBV with the use of dynamic and steady-state susceptibility contrast-enhanced MRI, respectively. Because we did not detect reduced perfusion levels at the examined time points (in fact, 2 hr middle cerebral artery occlusion in the rat was followed by chronic hyperperfusion), loss of detection of fMRI signals Averaged T 2 -weighted images of coronal rat brain slices overlaid by statistical activation maps, calculated from the averaged activation-induced cerebral CBV changes (n ϭ 7) (data are averaged across animals). The map of p values has been color-coded corresponding to the degree of significance (see bars below images). The graphs show the mean of the averaged time course of CBV changes (averaged across six on-off periods for each forelimb) in an ROI (5 voxels) in ipsilesional (right) and contralesional (left) M1/S1fl (mean Ϯ SD; n ϭ 7). Top row, 24 hr after stroke; middle row, 3 d after stroke; bottom row, 14 d after stroke. Right, Unimpaired forelimb stimulation (represented by the green bars in the graphs) induced significant activation responses in the contralateral (right) M1/S1fl at all time points. Stimulation of the left, impaired forelimb (represented by the blue bars in the graphs) resulted in diminished responsiveness in the right, ipsilesional M1/S1fl at 24 hr and 3 d after stroke. However, clear responses were found in the contralesional hemisphere. After 14 d, activation responses were predominantly in ipsilesional M1/S1fl. Infarction areas are characterized by increased T 2 -weighted signal intensity.
cannot be explained by insufficient distribution of the contrast agent. Still, altered CBF and CBV dynamics after temporary stroke may have affected the fMRI signal. Nevertheless, we did not detect a significant relationship between activation-induced ⌬CBV max [act.] during stimulation of the impaired forelimb and perfusion parameters in ipsilesional M1/S1fl. Defective cerebrovascular reactivity may be involved in loss of fMRI-detected activation. There was, however, no significant relationship between activation-induced and CO 2 -induced ⌬CBV max . This is in agreement with a study in patients with chronic major cerebral arterial steno-occlusive lesions, in which motor task-induced CBF increase in the primary sensorimotor cortex was not seriously affected by hemodynamic insufficiency (characterized by abolished response to the vasodilator acetazolamide) (Inao et al., 1998) . Thus, it appears that loss of activation responses in M1/S1fl cannot be consistently explained by deficient vasoreactivity and is more related to damage to the sensorimotor network. Nevertheless, both factors play a role, and their contribution may vary under certain conditions. In contrast to days 3 and 14, no significant correlation between impaired forelimb stimulationinduced ⌬CBV max [act.] and ischemic damage in ipsilesional M1/ S1fl was found at day 1, and loss of cerebrovascular reactivity was strongest at this acute stage.
Correlation between brain reorganization and ischemic damage
Along with loss of activation responses in ipsilesional M1/S1fl, stroke led to augmented responsiveness in the contralesional hemisphere, characterized by a reduction of the laterality index. Enhanced contralesional activation has been described in earlier studies in stroke patients and animal models and appears to be strongest early after stroke (Cuadrado et al., 1999; Marshall et al., 2000; Dijkhuizen et al., 2001 ) (however, see also Calautti et al. 2001) . At later stages, the involvement of the ipsilesional hemisphere improves and the laterality index normalizes.
We found significant correlations between the laterality index and the degree of brain injury. At day 1 the laterality index was correlated negatively with lesion size (there was a trend toward a significant relationship at day 14). Also, the laterality index was correlated with the degree of tissue damage in M1/S1fl, expressed by the local ADC and T 2 , at days 1 and 14 after stroke. The lack of correlation between the laterality index and the ADC and T 2 at 3 d after stroke is most likely attributable to the pseudonormalization of ADC and partial recovery of T 2 values at subacute stages, as a result of cellular lysis (Pierpaoli et al., 1993) and transient decline of tissue water content (Lin et al., 2002) , respectively. Speculatively, consequent release of tissue pressure may also facilitate expansion of intact blood vessels, which could explain the noteworthy enhanced vasoreactivity to hypercapnia at this stage. The correlation between brain reorganization and ischemic tissue damage is in agreement with a recent fMRI study in patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy, in which the motor cortex laterality index correlated with the relative N-acetylaspartate decrease in white matter, which was used as an index of axonal injury (Reddy et al., 2002) . Hyperexcitability after stroke is likely to be the result of disinhibition or potentiation of existing neuronal circuitry, involving GABAergic and glutamatergic pathways (Witte et al., 2000) . Downregulation of GABA A receptor binding and an increase of NMDA receptors have been found in the contralesional hemisphere and in perilesional areas as early as 4 hr after experimental stroke (Que et al., 1999a,b) . In the current study, widespread contralesional activity, and occasionally perilesional responses, were evident within 24 hr after ischemia, which emphasizes the rapidity of these plastic changes in the brain. Anatomic remodeling, e.g., dendritic outgrowth and synaptogenesis, has also been found in areas remote from a cerebral lesion (Jones and Schallert, 1992; Stroemer et al., 1995; Jones et al., 1996; Kawamata et al., 1997) . However, these processes may require days to weeks to develop (Jones and Schallert, 1992; Jones et al., 1996) and may be more involved in reinstatement of activation in the ipsilesional M1/S1fl and chronic perilesional activity.
Correlation between brain reorganization and functional status
From the above it appears clear that changes in the pattern of activation are linked directly to the degree of ischemic injury. However, an important question is how cerebral reorganization is associated with functional recovery. Despite a significant negative relationship between laterality index and neurologic status when all data were grouped together, no significant correlations were found at the individual time points. The lack of a significant effect that was independent of the time after stroke prohibits any presumption of a causal relationship between a shift of sensorimotor activation patterns and restoration of forelimb function. Moreover, it should be mentioned that the behavioral test that we used provided an overall score of neurologic function and did not inform exclusively on sensorimotor function of the forelimb. A stronger relationship between brain reorganization and functional recovery may have been found when neural and functional measures were matched more specifically. Nonetheless, the trend of a negative association between laterality index and neurologic status is in line with earlier findings by others (Marshall et al., 2000) and by us (Dijkhuizen et al., 2001 ) that restoration of sensorimotor function is paralleled by recovery of the laterality index, and it is in agreement with a transcranial magnetic stimulation study that described that increased excitability in the contralesional hemisphere was found predominantly in poorly recovered subjects (Netz et al., 1997) . In addition, the functional significance of these reorganizational alterations is emphasized further by a rehabilitation study that showed a shift of activation from predominantly contralesional to a more balanced ipsilesional and contralesional pattern, in parallel with improved recovery (Liepert et al., 2000) .
Concluding remarks
This study shows that the spatiotemporal pattern of shifts in cerebral activation after stroke is closely related to the degree of ischemic damage. Our results provide correlative evidence that good neurologic function is associated with a "normal" balance of activation in the cerebral hemispheres. Functional recovery seems to depend predominantly on preservation, reinstatement, or intrahemispheric shift of activation within the ipsilesional hemisphere. Although functional fields in the contralesional hemisphere may be involved in upholding and restoring function, acute contralesional activity appears to be mainly a direct response to the ischemic injury, without a clear functional significance. Finally, our results suggest that the application of fMRI in stroke patients can provide important prognostic information on functional outcome. This may aid in the selection of therapeutic strategies that could improve functional recovery after stroke. Results are expressed by correlation coefficient values, r. All values are from parametric correlations, except for correlations with neurologic score, which were nonparametric. * p Ͻ 0.05.
